Preserving the structural and functional integrity of interfaces and inhibiting deleterious chemical interactions are critical for realizing devices with sub-50 nm thin films and nanoscale units. Here, we demonstrate that ϳ0.7-nm-thick self-assembled monolayers ͑SAMs͒ comprising mercapto-propyl-tri-methoxy-silane ͑MPTMS͒ molecules enhance adhesion and inhibit Cu diffusion at Cu/SiO 2 structures used in device metallization. Cu/SAM/SiO 2 /Si(001) structures show three times higher interface debond energy compared to Cu/SiO 2 interfaces due to a strong chemical interaction between Cu and S termini of the MPTMS SAMs. This interaction immobilizes Cu at the Cu/SAM interface and results in a factor-of-4 increase in Cu-diffusion-induced failure times compared with that for structures without SAMs. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1591232͔
Isolating individual components of nanoscale architectures comprised of thin films or nanostructures, without significantly impacting their functionalities, is a critical challenge in micro-and nanoscale device fabrication. One important example that illustrates this challenge is seen in Cu-interconnected sub-100 nm devices structures, which require Ͻ5-nm-thick interfacial layers to inhibit Cu diffusion into adjacent dielectrics, and to enhance interfacial adhesion. 1 Currently used interfacial barrier materials such as Ta, TaN, and TiN, deposited by conventional methods cannot form uniform and continuous layers below 10 nm thickness, especially in high depth-to-width aspect ratio features. Thicker layers take up the space meant for lowresistivity Cu, neutralizing the advantages of miniaturization. Newly emerging methods such as atomic layer deposition have the potential to obviate some of these concerns. However, even if Ͻ5-nm-thick conformal films of conventional barrier materials are achieved, it is not clear if they will be effective due to high defect densities and fast diffusion paths such as nanopipes 2 or grain boundaries. Hence, there is a great deal of interest in exploring alternative materials and processing methods.
Recently we reported the concept of using selfassembled molecular layers ͑SAMs͒ of organosilanes to inhibit Cu diffusion into SiO 2 in microelectronics devices. 3 SAMs have been widely studied due to their attractive properties, which can be tuned through suitable choice of chain length and terminal groups, for a number of applications such as molecular devices, lithography, and micromachines. 4 Here, we use sub-nanometer-thick SAMs to enhance both diffusion barrier and adhesion properties of Cu/SiO 2 interfaces through strong local chemical interaction between interfacial Cu and the terminal groups of SAMs. This strategy realizes two concepts: ͑a͒ a strong interfacial bonding which also immobilizes Cu, and ͑b͒ creation of a vacuum-like potential barrier between the Cu and the dielectric layer to inhibit Cu ionization and transport. 5 The first criterion can be achieved through strong, local chemical interactions by choosing appropriate terminal groups, and the second can be accomplished by using SAMs with suitable chain lengths. This approach offers the potential for tailoring effective barriers with decreased thicknesses ͑e.g., 1-2 nm͒ because strong local chemical bonding obviates the need for interfacial mixing that is generally necessary for obtaining adhesion with conventional barriers. Interfacial mixing in nanometerthick barriers is undesirable because the resultant effects such as crystallization, phase formation or grain boundary generation can dramatically degrade barrier properties.
We demonstrate the dual use of ϳ0.7-nm-thick SAMs comprising mecapto-propyl-trimethoxy-silane ͓(HS-(CH 2 ) 3 -Si-(OCH 3 ) 3 -MPTMS͔ molecules for inhibiting Cu diffusion and enhancing adhesion at Cu/SiO 2 interfaces. The strong chemical interactions between Cu and thiol ͑-SH͒ termini in MPTMS SAMs at Cu/SiO 2 interfaces enhance interfacial adhesion by a factor of 3 and increase failure times for Cu-transport-induced SiO 2 breakdown by a factor of 4.
Cu/MPTMS/SiO 2 structures were fabricated on n-type, device-quality Si͑001͒ wafers with a 100-nm-thick dry thermal SiO 2 layer grown at 1000°C. The wafers were cleaned successively in xylene, acetone, isopropanol, and de-ionized ͑DI͒ water, and dried in flowing N 2 . A 65-nm-thick Cu layer was deposited on the SAM/SiO 2 /Si(001) and reference SiO 2 /Si(001) structures in a CVC dc sputter tool ͑base pressure 9ϫ10 Ϫ7 Torr). The Cu/SAM/SiO 2 /Si(001), and Cu/SiO 2 /Si(001), stacks were bonded onto a Si͑001͒ support wafer with an epoxy for interfacial adhesion tests. Interfacial debond energies were measured from the load-displacement curves obtained at a strain rate of 300 nm/s using a high-stiffness four-point-bend micromechanical test system, as described previously. 8 At least six tests were conducted on each sample-type to verify reproducibility. X-ray photoelectron spectroscopy ͑XPS͒ measurements were carried out to investigate interface chemistry on as-prepared and fracture surfaces in a PHI 5400 instrument with a Mg K ␣ probe beam. Figure 1 shows representative load versus displacement plots obtained from adhesion test samples of Cu/SAM/SiO 2 and Cu/SiO 2 structures. The plateaus observed in the two curves correspond to the respective critical loads P C at which debonding occurs at the weakest interface. Cu/MPTMS/SiO 2 structures show a P C of ϳ38 N, which is a factor of 1.7 higher than the critical load of ϳ22 N needed to debond the Cu/SiO 2 interface. Since plastic flow in SiO 2 and Cu are constrained under our loading conditions, the interfacial debond energy (G) was determined from the equation GϭK(1-2 ) P C 2 /E. 8 E and are the elastic modulus and poisson's ratio of the substrate, respectively, and K is a constant that is dependent on the loading geometry and the substrate thickness. Our results show that Cu/MPTMS/SiO 2 structure has a debond energy of 9.2 J/m 2 , which is ϳ3 times higher than that of pristine Cu/SiO 2 interfaces (3.1 J/m 2 ). In order to understand the delamination mechanism, we probed the fracture surfaces using XPS. Figure 2 compares representative spectra ͑plotted on a log scale to reveal weak peaks͒ obtained from a SiO 2 fracture surface, and a SiO 2 reference sample. The low-intensity Cu 2p, and 3p bands, and Auger peaks-arising from trace amounts of Cu on SiO 2 fracture surfaces-indicate that the measured debond energies provide a lower bound estimate for MPTMS-treated Cu/SiO 2 interfaces.
High-resolution XPS measurements, described later, show that S is bound to the Cu fracture surface and is covered by silyl-propyl ͓ -CH 2 ) 3 -SiϽ -] moieties which detach from the SiO 2 surface. SiO 2 fracture surfaces did not show any detectable S 2p bands ͓see Fig. 3͑a͔͒ , while Cu fracture surfaces exhibit a weak S 2p peak at ϳ162.5 eV. This band is ϳ1.5 eV lower than that obtained from reference MPTMS SAMs on SiO 2 , suggesting a chemical interaction between S and Cu. This inference is corroborated by Cu fracture surfaces ͓see Fig. 3͑b͔͒ showing a Cu͑II͒ subband at ϳ934.5 in addition to the elemental Cu͑0͒ band at ϳ932 eV. At least a part of this Cu͑II͒ subband intensity is due to Cu-S interactions, 9 confirmed by a much weaker Cu͑II͒/Cu͑0͒ intensity ratio observed in reference Cu samples with a surface oxide.
Cu fracture surfaces also exhibit a Si 2p band ͓Fig. 3͑c͔͒ at ϳ101.7 eV, which is a signature of silyl-alkyl moieties. 10, 11 This band is seen in reference samples of MPTMS on SiO 2 as a low-energy shoulder to the Si 2p peak at ϳ103.5 eV from SiO 2 , but is absent in spectra from pristine as well as fracture surfaces of SiO 2 . The presence of silyl-alkyl groups is consistent with Cu fracture surfaces showing a strong C 1s band ͑Fig. 2͒ and a weak S 2p band intensity, the latter due to signal attenuation.
The earlier results demonstrate that Cu/MPTMS/SiO 2 structures delaminate at the SAM/SiO 2 interface. The terminal S atoms of the SAM are strongly bound to the Cu surface, and the propyl-silane moieties end up on the Cu fracture surface by detaching from the SiO 2 surface. Since Si-O-Si bonds are strong compared to Cu-S interactions, 11 we 3 The leakage current j leakage , due to Cu diffusion, 3, 5 was recorded at 30 min intervals using a HP4140 picoammeter, after cooling the sample to room temperature for each measurement, until electrical breakdown of SiO 2 characterized by j leakage Ͼ1000 nA cm Ϫ2 . Our results ͑see 
